Abstract-An external laser cavity was constructed that utilizes polarization multiplexing to combine the emission from two gallium nitride blue laser diodes. A polarization-dependent narrow-band resonant mirror was designed to be the output coupler of this cavity, which locked both laser diodes at a fixed wavelength of 445.5 nm with a line-width of <0.5 nm. Output powers from this system approached 0.7 W while maintaining complete spectral control.
I. INTRODUCTION

R
ECENT developments and enhances to the Gallium nitride (GaN) material process have provided access to both blue light emitting diodes and blue laser diodes [1] . These two devices have garnered much attention due to their potential applications including sensing, entertainment, and communications [2] . However, GaN blue laser diodes lack an easy means for spectral control, which is a requirement for numerous applications. Before the availability of semiconductor devices to directly generate blue laser light, spectrally controlled infrared laser diodes were frequency doubled using second harmonic generation. The issues with this process was that the conversion efficiency was far too low to be practically applicable [3] . Therefore, in most applications where spectral control is necessary, it is preferred to have direct emission at the required wavelength. This demonstrated the need for a spectrally controlled GaN source.
A number of different methods have been successfully implemented to select the wavelength of a diode laser system. One such method is the external cavity configuration, which can have many different architectures. One extend cavity design utilizes a diffraction grating in the Littrow configuration to stabilize and narrow the line-width of laser diodes. An advantage of this system is that it is tunable over a small number of range of wavelengths [4] , [5] . Volume Bragg gratings are another device that can be used in external cavity laser diode systems. Cavities with these devices exhibit extremely precise wavelength control [6] .
In this Letter, we use another optical device, called a guided-mode resonance filter (GMRF), as the output coupler in an external laser cavity configuration. This resonant device produces a narrow line-width response by phase matching incident light with a guided mode in a leaky waveguide [7] . External cavities with GMRFs have successfully been demonstrated at infrared wavelengths [8] . Additionally, the GMRF discussed herein has been shown to lock GaN blue laser diodes at 445.7 nm [9] . However, the external cavity discussed in [9] contains only a single laser diode. A method to combine the emission from both laser diodes is still required in order to integrate multiple diodes into a single laser cavity. To accomplish this goal, we exploited the linear polarization of diode's emission to combine two laser diodes with polarization multiplexing. A simulated image of the final external cavity is shown in Fig. 1 .
II. POLARIZATION MULTIPLEXING
In order to simultaneously lock two laser diodes with a single GMRF, the emission from both devices must travel along the same path. To accomplish this goal, polarization multiplexing was employed in order to combine the 1041-1135 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. two beams. This technique is often utilized as it can be easily implemented to double the output power while maintaining a constant beam quality [10] . Two different optical devices can be used for polarization multiplexing: polarization beamsplitters and beam displacers. The major differences between the two are the operation principles. Beam-splitters can be thought of as a polarization dependent mirror. One beam will be transmitted through this device while the other is reflected at a 90°angle. On the other hand, beam displacers cause a lateral displacement between the two beams in orthogonal polarization states and are more frequently used in high power applications [10] . As this laser system operated a relatively low powers, a beam-splitter was selected.
Polarization multiplexing can be implemented with laser diodes because most light from laser diodes is linearly polarized with an E-field parallel to the smaller axis on the emission facet. There is a small amount of power in the orthogonal polarization, but typical laser diodes have polarization extinction ratios on the order of 100:1 or greater [11] . To create beams with orthogonally polarized emissions one laser diode must be rotated 90°in its mount with respect to the other diode. From here, a beam-splitter can be used to combine the emission from the two diodes. A graphical representation of this description is presented in Fig. 2 . By overlapping the beams in this manner, the two elliptical beams will form a cross as shown in Fig. 3 . This multiplexing technique will allow an external cavity to lock both laser diodes using a single GMRF. However, it is important to note that the two beams will also be linearly polarized in orthogonal directions as indicated by the arrows in Fig. 3 .
III. GUIDED-MODE RESONANCE FILTER DESIGN
With both beams propagating along the same axis, the GMRF presented in [9] can be used to lock both laser diodes. This device is an on-axis polarization dependent narrow band reflector, which makes it a viable option for an output coupler in an external laser cavity. In the external cavity, the GMRF will select a wavelength by causing the cavity to have gain at its resonance wavelength. The optical feedback from Fig. 3 . Image of polarization multiplexed beams from two separate laser diodes. Note the polarization orientation, indicated by the orange arrows, is orthogonal for the two beams. Fig. 4 . Simulated (solid line) and experimentally measured (dashed line) transmission of the GMRF at normal incidence in the TE polarization. The simulated device has the same structure of the gratings found in [9] , but has different structural parameters. This grating is a 300 nm period and 44% duty cycle grating etched 180 nm deep into a fused silica wafer and conformally coated with 80 nm of Aluminum oxide. the GMRF will select or lock the laser diode's wavelength. Under this locked condition, the output spectrum of the laser diode will largely be unaffected by changes to the drive current or device temperature.
The GMRF used in this Letter was simulated using rigorous coupled-wave analysis [12] to have a strong resonance (R = 100%) at 444.2 nm in the TE polarization (E-field parallel to the grating). No such resonance was observed in the orthogonal TM polarization between 440 nm and 450 nm. After fabrication, the resonance of the device in the TE polarization was actually located at 445.5 nm. This was determined by using a broadband blue LED to experimentally measure the transmission of the GMRF, which is shown in Fig. 4 . The slight deviation in the measured resonance wavelength and spectral width is an artifact of the spatial coherence of the LED. The other minor deviations are caused by not precisely achieving the desired fabrication parameters due to tolerances in the process. The effects of modifying the parameters of this device are explored in [13] .
The polarization dependence of the GMRF will also be a factor because the emission from the two laser diodes will be linearly polarized in orthogonal directions. To ensure the reflectance of the GMRF is the same for both the incident beams, the GMRF must be rotated 45°in the plane that is orthogonal to the incident beams (ϕ direction shown in Fig. 5) . Doing so will decrease the reflectance seen by each beam to half the maximum value, but only ∼30% reflectance is required to lock these GaN blue laser diodes in this manner [9] .
IV. RESULTS AND DISCUSSION
The experimental setup used to simultaneously lock to GaN blue laser diodes in shown in Fig. 6 . Each of the two diodes were held separately in a Newport laser diode mount and powered individually by Newport laser diode drivers, which were capable of controlling the drive current to a precision of 0.01 A. Although both mounts were capable of temperature control, this feature was not utilized in order to induce a thermal redshift in the laser diodes' gain curve as the drive current was increased. Each of the two laser diodes was packaged with a collimation lens. However, the beam still diverged enough such that it overfilled the 5 mm by 5 mm GMRF in the external cavity. An AR coated 300 mm focal length BK7 lens was used to focus the light onto the GMRF. Although the device was placed in the focal plane of the lens, the focal length was long enough such that the elliptical spot on the GMRF produced by one laser diode was approximately 2 mm by 0.5 mm. This beam illuminated enough periods of the GMRF in order to produce a strong resonance [14] .
To test the external cavity's ability to narrow and stabilize the spectral output from the two laser diodes simultaneously, measurements were taken of the emission wavelength as the drive current through both laser diodes was increased from 200 mA to 500 mA in steps of 10 mA. This spectral data was obtained with an Ocean Optics Jaz Spectrometer at a resolution of 0.1 nm. To measure the effect of the cavity, this test was first performed without the external cavity to obtain the spectral emission from the free running laser diodes. Then, the external cavity in Fig. 6 was constructed and the test repeated. The results from this experiment are shown in Fig. 7 . L-I curve for the laser system without (blue) and with (red) the external cavity. The curves shown include power measurements from Diode 1 (D1) and Diode 2 (D2) as well as their sum and total cavity output power (D1 + D2).
Without the feedback from the external cavity, each of the two laser diodes can clearly been seen in Fig. 7 (top) with the output from Diode 1 being on the left and the output form Diode 2 on the right. As the current was increased from 200 mA to 500 mA, a thermally induced redshift of approximately 2 nm was observed in the output spectrum of both laser diodes. This redshift is primarily produced by a temperature increase inducing a redshift on the peak of the laser diode's gain curve. Additionally, the full-width at half maximum (FWHM) of each laser diode was about 1 nm on average. Fig. 7 (bottom) shows the output spectrum with the external cavity meaning the GMRF was providing feedback into both laser diodes. As the GMRF is a narrow band mirror, only a small spectral component is fed back into the laser cavity with the strongest spectral component being at the resonance wavelength. It is this feedback that will cause the laser diodes to lock at the resonant wavelength of the GMRF [7] . One can see that this device successful stabilized and narrowed the output spectrums of the two laser diodes. It is important to observe that the output spectrum did not shift with an increase in drive current, which causes a corresponding temperature increase. Both lasers were locked at 445.5 nm and had a FWHM of less than 0.5 nm.
One effect of creating an external laser cavity is threshold current lowering. Osmundsen and Gade have derived the mathematical expressions to predict the threshold current lowering [15] . To illustrate this effect, L-I curves were taken for this laser both with and without the external cavity, and this data is shown in Fig. 8 . From this figure, one can see that the threshold current of the laser diode was lowered from 150 mA to 110 mA. Additionally, the slope efficiency of the laser system with the external cavity was approximately 61% of that of just the two free-running laser diodes.
V. CONCLUSION
In this letter, we have demonstrated a method to simultaneously control the spectral emission from two GaN blue laser diodes with a single GMRF device by using polarization multiplexing to combine the beams. The GMRF output coupler external cavity successfully stabilized and narrowed the output wavelength from both diodes to 445.5 nm with a FWHM of less than 0.5 nm. This locking was maintained as the drive current through both diodes was increased from 200 mA to 500 mA. At a drive current of 500 mA, output power from the laser cavity approached 700 mW with a slope efficiency of approximately 1.66 W/A. This external cavity setup can be used to create high power spectrally controlled arrays of laser diodes. Arrays of multiple laser diodes can be combined using polarization multiplexing and locked using a corresponding array of GMRFs to power scale the system. Moreover, the spectral distribution of an array of devices can be tailored based on the individual GMRF parameters of the individual die, which would enable bars of devices for power scaling and complex pump requirements for solid state systems. Current investigation is underway utilizing a 193 nm projection system to explore wafer based high volume fabrication and integration at the laser diode bar level.
